Finance researchers have been debating over whether index options are overpriced. Most debates have focused on expensive out-of-the-money put options. However, the stochastic dominance literature has argued that S & P 500 Index call options are frequently overpriced in the sense that every rational agent can improve her expected utility by writing these call options that violate the stochastic dominance upper bound. Hence, expensive index call options are also an unsolved puzzle in the finance literature. On the other hand, recent finance papers find that market makers play an important role in the pricing of index options. In this paper, I explore how constrained market makers interact with heterogeneity in beliefs and index option prices. Specifically, I develop an equilibrium model that accommodates previous empirical/theoretical results related to heterogeneity in beliefs, limits or arbitrage, and the role of market makers. The incremental findings from my model can be summarized as follows. First, even with the presence of market makers, the stochastic dominance upper bound violation of index call options occurs when heterogeneity in beliefs is sufficiently large. This result is novel, insomuch as someone may argue that if heterogeneous end-users share the risk themselves, heterogeneity in the presence of constrained market makers may not lead to option mispricing. Second, as the market maker is more constrained, the stochastic dominance upper bound violation becomes more severe. This paper is related to and contributes to the growing literature on the puzzle of index options. In addition, this paper complements the literature on the role of market makers in index option markets and the stochastic dominance literature.
Introduction
Finance researchers have been debating over whether index options are overHow to cite this paper: Kang [4] . Most debates have focused on expensive out-of-the-money (hereafter, OTM) put options [5] [6] . However, the stochastic dominance (hereafter, SD) literature has documented that index call options are also too expensive. Specifically, [7] and [8] argued that Standard and Poor's 500 (hereafter, S & P 500) Index call options are frequently overpriced in the sense that every rational agent can improve her expected utility by writing these call options that violate the SD upper bound. Hence, expensive index call options are also an unsolved puzzle in the finance literature.
SD upper bounds are the preference-free reservation write prices of call and put options, which are the minimum option price at which any rational agent is willing to write an option to increase her expected utility [9] [10] [11] [12] . SD upper bounds are often deemed the maximum possible option price in the absence of mispricing between an underlying security and the corresponding option. However, [7] and [8] found that SD upper bounds are frequently violated in the S & P 500 call option market. The conventional explanation for expensive options, in which the demand is driven by OTM put options for insurance purposes against steep market declines (e.g., [13] and [14] ), is inconsistent with massive overpricing of index call options.
Kang [15] proposed an economic model examining heterogeneity in investors' prior beliefs as a potential explanation for expensive call option prices and their stochastic dominance violation. In Kang's [15] economic setting, bullish and bearish agents, who participate in both stock and option markets, have different beliefs on the expected return on the stock. He finds that if these agents are sufficiently heterogeneous, the bullish agent, who seeks "exposure" to a stock, purchases an overpriced call option from the constrained bearish agent. For simplicity, he abstracts out the presence of market makers. However, recent finance papers ( [16] [17], among many others) find that market makers play an important role in the pricing of index options.
In this paper, I explore how constrained market makers interact with heterogeneity in beliefs and index options prices. Specifically, I develop an equilibrium model that accommodates several empirical/theoretical results documented in the finance literature: 1) Heterogeneity in Beliefs: The optimal holding of options increases as heterogeneity in beliefs increases [18] . In the presence of heterogeneity in beliefs and portfolio constraints, option mispricing is required for the market to clear [19] .
2) Limits of Arbitrage: Because of limits-of-arbitrage (e.g., market friction and finite wealth), market participants cannot completely eliminate the "good-sell opportunities" of options [20] [21] [22] .
3) The Role of Market Makers: The end-user demand for index options is positive, and market makers provide liquidity [16] [23] . Market makers' capability to supply option liquidity is limited, and such a limitation may be a determinant for option pricing (for a related discussion, see, e.g. [16] creases because market makers with limited risk-sharing capability demand higher option premia at equilibrium [16] . My model illustrates why heterogeneity increases the net end-user demand (and the equilibrium price of a call option), and how the market maker's limited capability is related to the SD upper bound violation. I keep my stylized heterogeneous-agent model as simple as possible; my model has the bare minimum ingredients to endogenize the aforementioned prior findings in the finance literature. The incremental findings from my model can be summarized as follows. First, even with the presence of market makers, the SD upper bound violation of index call options occurs when heterogeneity in beliefs is sufficiently large. This result is novel, insomuch as someone may argue that if heterogeneous end-users share the risk themselves, heterogeneity in the presence of constrained market makers may not lead to option mispricing. Second, as the market maker is more constrained, the SD upper bound violation becomes more severe.
This paper is related to and contributes to the growing literature on the puzzle of index options. In addition, this paper complements the literature on the role of market makers in index option markets (e.g., [16] [17] [21] and [24] ) and the SD literature [7] - [12] .
The remainder of this paper is structured as follows. Section 2 briefly discusses related literature. Section 3 proposes my model. Section 4 reports the numerical results and summarizes my findings. Section 5 concludes. [1] and [2] reported that S & P 500 Index option prices (returns) are too high (low) relative to classical asset pricing models and may reflect a negative premium for additional factors, such as volatility risk. [5] argued that the S & P 500
Related Literature
Index put options are massively overpriced because the high option prices in their post-1987 crisis sample are inconsistent with a wide range of asset pricing models. Using Broadie et al.'s ([3] ) method, [6] documented that put options were overpriced from 1987 to 2012. 1 Furthermore, [4] argued that the excess returns of the European index option portfolio are attributed, not to jump or variance risk premia, but to option mispricing. The literature has proposed several explanations to the question: If options are too expensive, why is this? The explanations range from state-dependent dead-weight costs to non-hedgeable risk, volatility and jump risk premia, end-user demand, liquidity risk, the Peso problem, biased beliefs, and so forth (see, e.g., [5] However, heterogeneity has received insufficient attention, and research in heterogeneity vs. expensive index options is thin. The current paper fills this gap in the literature. 1 Broadie et al. [3] did not find statistical evidence from their parametric Monte-Carlo test that individual put options are more expensive than their benchmark models, such as the Black-Scholes-Merton model. They argued that the high returns of option strategies may be explained by jump risk premia and sampling error. However, replicating their work for a longer sample of 1987 to 2002, Chambers et al. [6] find that put options are mispriced.
The Model
In this section, I propose a heterogeneous-agent model adapted from [15] where rational agents equipped with heterogeneous beliefs trade a stock and its option. My stylized economy has two risk-averse end-users of index call options. These two end-users are heterogeneous in their beliefs in the expected output. One end-user expects high output, and the other expects low output. Because of the well-known leverage effect, the bearish end-user expects high uncertainty, while the bullish end-user expects low uncertainty. They trade a claim on an output (i.e., stock) and a call option on the stock in order to maximize their expected utilities under their subjective beliefs. In addition to the end-users, I have in my stylized economy a market maker who supplies the call option to meet the end-users' net demand for the call option. The market maker's role is to provide liquidity, but its capability of writing the call option is limited. A simple one-period economy has a single consumption good and one underlying risky asset. One underlying asset (stock) at the beginning of the period returns S  number of consumption goods at the end of the period. In this stylized economy, the bullish end-user (agent A , hereafter) and the bearish end-user (agent B , hereafter) are endowed with 1 stock each, and they trade their shares of the underlying asset and the call option at the beginning of the period. The call option with the strike K pays σ , and 0 L ≥ is a parameter for the leverage effect. As in other papers studying heterogeneity in beliefs and mispricing (e.g., [19] , among many others), I impose stock short-sell limits on these end-users. 2 However, I do not impose any position limits on call options, because in the real 2 Even when some amount of stock short-selling is allowed, the main results qualitatively stay the same.
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world, taking a long or short position in derivative security is easier than short-selling the stock. I consider another agent, the market maker who supplies the net demand of the call options by the end-users. 
Numerical Results
I numerically compute the equilibrium prices and trading volumes of the securities in the aforementioned economy. In this section, we consider an out-of-the-money Observe from the left panel that as HIB increases, the net demand becomes more positive, and the market marker's supply becomes more negative; these two sides are precisely offset, because otherwise, the market does not clear. Observe that the net demand is capped by +1, because the market maker's capability to supply the call option is limited (−1). The equilibrium call option price is determined such that the net demand is equal to the supply by the market maker with limited risk-sharing capability. In the right panel, I compare the equilibrium call price with the SD upper bounds, as in [15] . Observe that the call option's SD upper bound is violated for a sufficiently large HIB. The findings from my stylized model can be summarized as follows. In equilibrium, the bullish end-user demands the call option, and the bearish end-user supplies the call option. Because the bearish end-user expects higher volatility than the bullish end-user, the bearish end-user's bearish view on the call option is less severe than the bullish end-user's bullish view on the call option. Hence, the bearish end-user's supply of the call option is less than the bullish end-user's demand for the call option. Thus, the net demand for the call option is positive.
Furthermore, the net demand (i.e., the difference between the bullish end-user's demand and the bearish end-user's supply) increases as HIB increases. Because of the market clearing condition, the net demand of the end-users is constrained by the market maker's call supply limit. As HIB increases, the market maker asks for a higher call option premium for the market to clear. For a sufficiently large HIB, the market price of the call option violates the SD upper bound. 4 Furthermore, as the market maker is more financially constrained, the degree of the SD upper bound violation increases.
Conclusions
From my model, one can derive two testable hypotheses:
1) HIB increases the SD upper bound violation and 2) The increase of the SD upper bound violation in HIB is more pronounced when the market marker's wealth/funding liquidity is low.
The current research opens a new avenue for future research. First, an empiricist may contribute to the literature by testing the aforementioned two hypotheses. Second, the analysis in this paper may be extended to individual stock options. According to [30] , trading activity by non-market-maker investors of call options on an individual stock is four times as large as that of put options. A researcher may investigate whether the heterogeneity in the beliefs of investors may provide any insights into the pricing of individual options.
The results documented in this paper may be relevant to practitioners, as well.
Traders, risk managers, and regulatory bodies may want to trace measures for the HIB in order to monitor how expensive index call options can be. 3 The reader should exercise caution when interpreting the size of the quantitative results because the stylized nature of the model makes only qualitative directions meaningful.
